Due to the development of the multi standard communication system, digital predistortion linearization technology for concurrent dual band power amplifier has attracted a lot of attention in recent years. This paper proposes a mixed dual band digital predistortion model based on DDR, which extends the traditional DDR model to synchronic dual band mode, with the introduction of two dimensional memory polynomial model with same order envelope cross term, to enhance the compensation ability for the nonlinear intermodulation distortion in the dual band power amplifier, which can achieve better modeling precision and linearization performance than the simplified two-dimensional memory polynomial model and the traditional DDR model, while at the same time maintain the advantages easy to realize by using the one-dimensional lookup table. Experiments show that the New Model has good level in both performance and complexity.
INTRODUCTION
With the rapid evolution of the mobile communication, modern wireless communication base stations should be able to support a variety of standard communication system so as to satisfy the diversified user demands (Liu, Chen, Zhou, Zhou and Ghannouchi, 2013; Yan, Draxler, Presti, Kimball and Asbeck, 2013) . The architecture of multi frequency transmitter has the advantage of low cost, small volume and high efficiency, and is the most promising multi standard transmitter architecture (Tafuri, Sira, Nielsen, Jensen and Mikkelsen, 2015) . Multi band power amplifier (PA) is the key module in multi band transmitter, in recent years, the efficiency enhancement in view of the multi band PA and the linearization method has attracted extensive attention of scholars both at home and abroad, especially the concurrent dual band work model (Rawat, Ghannouchi and Rawat, 2013; Fehri and Boumaiza, 2014; Kwan, Bassam, Helaoui and Ghannouchi, 2013) .
Under the dual band signal concurrent incentive, PA output signal shows more complicated distortion characteristic than that under the single band condition. The distortion products near each band not only include the Inter Modulation Distortion (IMD) generated by the signal of this band itself, but also include the intermodulation distortion produced due to the existence of another band signal (CMD) (Levantino, Marzin and Samori, 2014; Presti, Kimball and Asbeck, 2012; Hutchinson, Singley, Urick, Harmon, McKinney and Frigo, 2014) . When making use of the Digital Predistortion (DPD) technology to perform linearization for concurrent dual band PA, the traditional single input and single output predistortion model is very limited in the performance due to the lack of consideration of the intermodulation distortion, when the predistortion at each band should be modeled as the dual input and single output system, so as to compensate for the cross interference modulation distortion and the intermodulation distortion near the band (Hammi, Kwan, Bensmida, Morris and Ghannouchi, 2014) . Two-dimensional memory polynomial (2D-MP) model is the extension of the traditional memory polynomial (MP) model in the case of concurrent dual band signal excitation, which can compensate for the inband cross interference modulation distortion, intermodulation distortion and memory effect simultaneously, with good linearization performance (Afsardoost, Eriksson and Fager, 2012) . However, due to the introduction of intermodulation distortion term into 2D-MP, the complexity of the model relative to MP has greatly increased. In addition, in order to implement the predistortion in the Field Programmable Gate Array (FPGA) with high efficiency, usually polynomials will be converted to the lookup table (LUT) so as to reduce the computational complexity, while the direct implementation of 2D-MP requires two-dimensional LUT, which will take up a lot of storage space, and increase the DPD system resource overhead (Yu and Jiang, 2013) . Through the one dimensional LUT implementation scheme, the order of operation in 2D-MP model is optimized, which, to a certain extent, has reduced the resource overhead (Guan and Zhu, 2012) . In order to reduce the model complexity of the 2D-MP model, the revised 2D-Modified Memory Polynomial model (2D-MMP) has more compact form, which already has the model complexity comparable to MP, however, the envelope coupling factor in the model of 2D-MMP is nonlinear, and it is of high computational complexity to identify the envelope coupling factor (Landin, Fritzin, Van Moer and Isaksson, 2012) . For the Simplified 2D-Memory Polynomial model (DDR), DDR is easy to be implemented by the application of one dimensional LUT, however, due to the ignoring of a lot of intermodulation cross terms in the model, the modeling accuracy deteriorates, thus the linearization performance is limited (Mohammady, Sidek, Varahram, Hamidon and Sulaiman, 2013) . This paper has presented a mixed dual band digital predistortion model based on DDR. Compared with DDR model, the New Model takes the effect of the same order envelope cross terms into consideration, which can better compensate for the nonlinear intermodulation distortion in the concurrent dual band PA, and the modeling accuracy and DDR linearization performance has been improved significantly compared to DDR; At the same time as it only adds the envelope cross term of the same nonlinear order, it is still quite easy to apply one dimensional LUT to implement the New Model. The simulation and test results show the validity of the model, and the good compromise achieved between its performance and complexity.
MIXED DUAL BAND DIGITAL PREDISTORTION MODEL
In general, though the dual band signal has very wide interval of frequency, the signal bandwidth of each frequency is relatively narrow, therefore, two transmit branches and two backfeed loops are applied in the concurrent dual band DPD system to realize the conversion of the digital signal and radio frequency signal of each frequency. In this way, the Digital to Analog Converter (DAC) rate of the emission branch of each band and the Analog to Digital Converter (ADC) rate is only correlated to the signal bandwidth of the corresponding band, while not correlated to the dual band interval. 
Two-dimensional Memory Polynomial Model
The 2D-MP model expression can be derived from the traditional MP. Although the model derived from theories only contains odd order nonlinear terms, even order nonlinear terms are also included in the 2D-MP model proposed by Bassam, so as to improve the modeling accuracy, the expression is as the following:
Wherein, M and K represents the memory depth and nonlinear order number respectively. Expression ⑴contains three sigma, so that the number of model parameters are significantly increased compared with MP.
(1) is directly converted into LUT implementation form:
Two-dimensional LUT is required, which will consume a large amount of hardware resources. In order to save the hardware cost, Kwan put forward to perform the deformation to equation (1) as the following
After the optimization of the operation sequence, equation (3) can be implemented by the application of one dimensional LUT, which requires the number of the one dimensional LUT is correlated to the nonlinear order number of the model:
The k order nonlinear term of the 2D-MMP model is corresponding to the various terms in the binomial expansion:
Where i is the imaginary unit, k g represents the envelope coupling coefficient, in order to make the model as simple as possible, the value election for k g is as the following:
During the estimation of the parameters of this model, it is necessary to estimate
g first, and the derivation of additional over-determined equation shall be performed during the term, therefore, the computational complexity of the identification of the parameters of the 2D-MMP model is relatively high. Two sigmas are contained in expression (5), the model complexity has already been comparable to MP, and it is easy to be implemented by the application of one dimensional LUT:
The implementation scheme to make use of the one dimensional LUT highly efficient concurrent dual band DPD is as the following:
In this scheme, the corresponding model expression is as the following:
In order to compare with other models fairly, this paper performs the uniform addressing according to the signal modulus value. It can be easily seen from the comparison of (9) and (1) that, this model can be regarded as the simplification of 2D-MP, which has ignored all the intermodulation distortion that contains two band signal modulus values at the same time. Hence compared with 2D-MP, the performance of the modeling precision and linearization of DDR has deteriorated.
DDR MODEL
DDR model is an effective simplified Voterra series model, and dynamic deviation function is introduced into the model to separate the dynamic nonlinear and static nonlinear characteristic, with the expression of the dynamic deviation function as the following wis the coefficient of the r order dynamic characteristic part. K is the nonlinear order number, as the memory depth.
In this model, the higher the order number of dynamic characteristic part is, the smaller contribution it has to the model, therefore, in order to simplify the model complexity, and ensure the accuracy of the model, in general, 1  r , hence the one order model is obtained as the following,,
In the band limited system, the even order nonlinear characteristic has relatively small effect on the modeling of the power amplifier and predistortion, therefore, we only consider the odd order nonlinear characteristic. Introduce (10) into (12), and consider only the odd order nonlinear characteristic, the expression discrete equivalent baseband of the one order DDR model can be obtained as the following 
Dual Band Digital Predistortion Model
Under the synchronic dual band model, the expression for the time discrete equivalent baseband signal of the power amplifier with the band interval of 2   is as the following
Wherein,   1 xnand   2 xn represent the low band and high band signal complex envelope respectively, and T is the sampling time.
Introduce (14) into (13) 
x n e kk c x n q x n x n x n x n e ll . This is because in the actual application, the low band and high band models will be extracted respectively, which will lead to different coefficients of the models for the two bands).
2D-MP can achieve good modeling precision and linearization performance, but the model complexity is high, and the realization of the model need to consume more hardware resources. DDR ignores the modulus contains two band signals at the same time the intermodulation distortion, reduce the implementation complexity but at the same time performance deterioration. As a compromise between the two models, we put forward the following contains only the New Model with the order envelope cross terms: 
As can be known from equation (19), the implementation scheme of the New Model in FPGA is shown in Figure 3 . Table 1 and Table 2 compares the parameter estimation complexity of the application of different models in the processing of band 1 and the complexity of the implementation of DPD. In Table 1 , N represents the sample points used for parameter extraction. When making use of the least square method to extract the model parameters, generally the convergent solution can be obtained after two iterations for 2D-MP, DDR and New Model; While the estimation of the envelope coupling coefficient in 2D-MMP needs to solve the 5-time over determined equation set, then to perform one iteration to obtain the convergence of the model parameters. 
In the statistics of the number of multiplication in Table 2 , the multiplication of complex number to complex number is converted into 4 time multiplication of real numbers, and the multiplication of real number to complex number is converted into 2 time multiplication of real numbers. Same as 2D-MMP and DDR, it is required that the number of LUT should be not correlated to the nonlinear order number of the model to implement the New Model.
SIMULATION ANALYSIS
In order to compare the linearization performance of 2D-MP, 2D-MMPS, DDR and the proposed model, we conducted the following simulation. The simulation adopts the two band signal which is composed of the WCDMA signal with the peak to average ratio of 6.3dB and bandwidth of 3.84MHz, as well as the LTE signal with the peak to average ratio of 6.4dB and bandwidth of 5 MHz, the baseband signal sampling rate of both bands is both 30.72 MSPS, same as [12] . In order to avoid the frequency aliasing of the synthesized dual band signal through PA model, the baseband signal is through16 times sampling and spectral shifting to form the dual band signal with the sampling rate of 491.52MSPS, and the dual band interval is 98.304MHz. Non memory reverse tangent PA model is applied in the simulation, with the model parameters consistent with those in the literature [13] . The order number of all the predistortion models is 0
. Table 3 sets out the normalized mean square error (NMSE) of the PA output signal after the application of different model linearization, and the adjacent channel power ratio (ACPR), and at the same time compares the number of the parameters of the models. Figure 4 is the power spectrum of the output signal before and after the predistortion. As can be seen from the simulation results: 2D-MP has best linearization performance; DDR has deteriorated performance due to the ignorance of a large number of intermodulation envelope cross terms; and the New Model has added the same order envelope cross terms, hence its linearization performance is improved significantly compared with DDR. The complexity New Model is between 2D-MP and DDR, compared with the DDR, its number of model parameters is increased by 22%. 
EXPERIMENTAL VERIFICATION
We make use of the instrument based test platform to further verify the effectiveness of the proposed model. The test platform is similar to M, including vector signal generator (Agilent PSG E8267D), vector signal analyzer (Agilent PXA N9030A) and the inverse class F PAM working at 940MHZ, the computer controls the test equipment and exchanges data via local area network. The baseband signal at both bands are the same as those in the simulation analysis. As the maximum sampling rate that the vector signal generator supports is 100 MSPS, the three times up sampling of the baseband signal and the spectrum shifting forms the dual band signal with the sampling rate of 92.16MSPS, and the interval of the dual band is 61.44 MHzM. The order number of all the predistortion model is M = 2, K = 7. Table 4 compares the linearization performance and complexity of different models. Figure 4 is the PA output signal power spectrum before and after the predistortion. Consistent with the simulation results, the New Model has significantly improved the DDR linearization performance, at the same time the complexity of the model is greatly reduced compared to 2D-MP. 
CONCLUSION
This paper proposes a mixed dual band digital predistortion model based on DDR. This model has reduced the complexity of 2D-MP model, and through the introduction of a small amount of envelope cross term to significantly improve the modeling accuracy and linearization performance of DDR, so as to achieve good compromise between the performance and complexity. The simulation and test results have proved the effectiveness of the proposed model. The New Model is easy to be implemented by one dimensional LUT, and thus applicable to the actual system application.
